ABSTRACT Eastern subterranean termite, Reticulitermes flavipes (Kollar), workers were continuously exposed to one of Þve chitin synthesis inhibiting (CSI) active ingredients and the protist community from the hindgut quantiÞed biweekly for 21 d. The CSIs tested included commercially available formulations of dißubenzuron, hexaßumuron, lufenuron, novißumuron, and novaluron. Results showed termites exposed to CSIs had a signiÞcant decrease (Ն30%) in the estimated total protist population after 3 d, regardless of treatment. Protist species impacted were Dinenympha fimbriata, D. gracilis, Microjoenia fallax, Pyrsonympha vertens, and Trichonympha agilis and could be indicative of weakened digestive homeostasis, but further studies are needed. We also provide evidence that lufenuron is highly toxic and discuss some of the implications this might have on termite management practices.
Baiting systems using benzoylphenyl ureas active ingredients have been commercialized for the purpose of managing subterranean termites around structures (Su and Scheffrahn 1993, 1996; Su 2003) . Benzoylphenyl ureas are known to interfere with cuticle sclerotization and are often referred to as chitin synthesis inhibitors (CSIs) (Cohen 1987) . Baiting systems rely on consumption of the active ingredient; therefore, the potential exists for CSI active ingredients to impact pests by disrupting alimentary tract homeostasis.
The majority of cellulose digestion and absorption in subterranean termites, unlike most insects, occurs in the hindgut, or paunch (Inoue et al. 1997) . That hindgut harbors symbionts, including cellulolytic anaerobes that break down glucose and partially digested cellulose into acetate, carbon dioxide, and hydrogen (Yamin 1980 (Yamin , 1981 Odelson and Breznak 1985a, b; Breznak and Switzer 1986) . Included in the termite hindgut symbiont community are protists species that have distinct roles in cellulose degradation (Hungate 1943 , Mauldin et al. 1972 , Smythe and Mauldin 1972 , Lai et al. 1983 . Because these protists are anaerobic and most cannot be cultured outside of the host, information regarding speciÞc roles of the various protist to insect health has been inferred by altering either the host or the protist community (Cleveland1925a; Grosovsky and Margulis 1982; Yoshimura et al. 1993a, b; 1996) . Previous termiticide studies using antibiotics and wood extracts have shown reductions in the number of protists before death of the termite host (Mannesmann 1972 , Mauldin et al. 1981 , Waller 1996 , Cook and Gold 2000 .
There are tens of thousands of individual protists within the termite hindgut that are discarded every time the insect molts (Andrew 1930 , Yamaoka et al. 1986 ). This act, in part, accounts for the variability in protist numbers observed between individual termites, however, relative proportions are consistent and allow comparisons within and between populations (Lewis and Forschler 2004b). Perrott (2003) looked at the effect of one CSI, hexaßumuron, on Reticulitermes flavipes protists, and she found no change in total numbers but a signiÞcant decrease in the mean population estimates of one genus, Pyrsonympha.
We were interested in quantifying the impact of CSI bait exposure on the protist communities found in R. flavipes. Termites were exposed to Þve commercially available CSI termite baits containing dißubenzuron, hexaßumuron, lufenuron, novißumuron, and novaluron for 21 d. We hypothesized changes in the protist community would be independent of the different CSIs studied.
Materials and Methods
Insects. Three populations of Reticulitermes flavipes (Kollar), collected from sites separated by at least 100 m in Whitehall Forest, Clarke County, GA, were brought to the laboratory in infested logs (Table 1) . Termites were extracted from the logs using the method outlined in Forschler and Townsend (1996) and placed in plastic containers (26.99 by 19.37 by 9.52 cm) with weathered pine wood slates (Ϸ12.5 by 2.54 by 0.2 cm) in complete darkness at 24ЊC and Ն90% RH until used in bioassay. Termites from population 1 were maintained under these conditions for 8 wk before their use in bioassay compared with only 4 and 5 wk for populations 2 and, respectively (Table 1) . Termites were identiÞed to species using published keys to the soldier caste (Scheffrahn and Su 1994) . Termite voucher specimens were preserved in 100% ethanol and deposited at the Household and Structural Entomology Laboratory at the University of Georgia.
Approximately 450 (fourth instar or older) worker termites were placed in a petri dish (100 by 25 mm) with 20 g of sand moistened with 3.2 ml distilled water and a known weight of compressed microcrystalline ␣-cellulose (m␣c) tablet containing no CSI as the control treatment. Four similar-sized groups of workers were exposed to commercial formulations of either a 0.25% dißubenzuron, 0.50% novißumuron, 0.50% novaluron, or 0.50% hexaßumuron in a m␣c matrix, whereas the 0.15% lufenuron treatment was presented on a cardboard matrix. All termites were exposed to their respective food/bait source for 21 d.
Measurement of Protist Populations. Termite hindguts were removed as previously described by Lewis and Forschler (2004a) . Gut contents from Þve termites were pooled to form a sample and homogenized in 250 l Trager U saline solution (Trager 1934) , pH 6.8 Ð7.2, sparged with a nitrogen gas mixture (N 2 92.5%, H 2 2.5%, and CO 2 5%) at 1 liter/min for 5 min. An anoxic saline solution allows more time for quantifying the anaerobic protists in the hindgut (Lewis and Forschler 2004a) . Ten microliters of the resulting solution was loaded into a hemacytometer (Neubauer; Brightline, Horsham, PA), and protists were identiÞed and counted from 0.1 l. This was replicated three times (n ϭ 15 termites) twice a week per treatment for 21 d (0, 3, 7, 10, 14, 17, and 21 d) from each of the termite populations.
Statistical Analysis. Data analyses were performed using SAS-JMP (version 7.0) statistical software (SAS Institute, Cary, NC). Analysis of variance (ANOVA) was used for comparison among treatments, testing the dependent variables of total population and relative species abundance; means were separated by Tukey-Kramer honestly signiÞcant difference (HSD) test for multiple mean comparisons (␣ ϭ 0.05).
Results
The total protist population estimate at day 0 (before treatment) for termite population 1 was Ϸ50% smaller than estimates for either population 2 or population 3 (Table 1 ; F ϭ 86.24; df ϭ 2,9; P Ͻ 0.001). All protist species previously described from R. flavipes (Yamin 1979, Lewis and Forschler 2004b) were found in the termite populations sampled. Individual populations provided some variability, however, with population 1 providing all but two species; Trichomitus trypanoides and Pyrsonympha major, whereas population 2 and population 3 were missing Monocercomonas sp. These "discrepancies" were not a cause for concern because those three protist species are represented in low numbers within the R. flavipes gut ( Table 2 ). The predominate protist species is Dinenympha gracilis, with a relative proportion of 54% or greater in the termite populations we examined in this study (Table  2) . We, however, found population 2 and population 3 provided a greater proportion of D. gracilis than population 1 (Table 2 ; F ϭ 14.12; df ϭ 2,9; P ϭ 0.002). In contrast, the proportion of Trichonympha agilis in population 1 was 8% of the total protist population, which is statistically greater than the 3% recorded from population 2 and population 3 (Table 2 ; F ϭ 9.52; df ϭ 2,9; P ϭ 0.006).
Total Protist Population. Termites from all treatments had a signiÞcant decrease in the estimated total protist population over time, even after 3 d in bioassay ( Fig. 1 ; F ϭ 63.41; df ϭ 125; P Ͻ 0.001). The greatest impact to the total number of protists was recorded by 3 d in the lufenuron treatments (51% of the total protist population present) compared with any of the other treatments: control (93%), dißubenzuron (68%), hexaßumuron (70%), and novaluron (66%) ( Fig. 1 ; F ϭ 17.66; df ϭ 17,39; P Ͻ 0.001). Termites from the untreated control provided a total protist population estimate that was 75% of the starting number by 18 d, which was statistically higher than four of the CSI treatments: 31% from hexaßumuron, 30% novißumu-ron, and 12% lufenuron, but not different from (63%) novaluron ( Fig. 1 ; F ϭ 39.40; df ϭ 17,39; P Ͻ 0.001). By c Mean Ϯ SD of protist cells counted from within columns with the same lowercase letter do not differ signiÞcantly (Tukey-Kramer HSD; df ϭ 3; P Ͻ 0.05).
d Mean Ϯ SD total protist population from protist cell counts. Formula: (no cells counted ϫ vol guts homogenized in)/(vol cells counted from ϫ no termites). 21 d, termites exposed to the hexaßumuron, novißu-muron, novaluron, and lufenuron had signiÞcantly lower protist population estimates than the control and dißubenzuron treatments ( Fig. 1; F (Figs. 2AÐE) .
Dinenympha fimbriata. Compared with termites at day 0 (11%), relative proportions of D. fimbriata decreased signiÞcantly by 7 d within the control (7%; F ϭ 5.07; P ϭ 0.002), dißubenzuron (6%; F ϭ 5.21; P ϭ 0.002), hexaßumuron (6%; F ϭ 15.95; P Ͻ 0.001), and lufenuron (4%; F ϭ 15.40; P Ͻ 0.001) treatments ( Fig.  2A ; df ϭ 9,38). Proportions found in termites exposed to novaluron were not statistically different during weeks 1 (13%) and 2 (15%) ( Fig. 2A ; df ϭ 9,38; F ϭ 1.77; P ϭ 0.154). We did not record a signiÞcant change in D. fimbriata proportions from termites exposed to novißumuron ( Fig. 2A ; df ϭ 9,38; F ϭ 1.96; P ϭ 0.120). Termites exposed to novaluron had a greater protist proportion of D. fimbriata at 3 (F ϭ 5.78; P Ͻ 0.001), 7 (F ϭ 8.89; P Ͻ 0.001), and 14 d (F ϭ 6.00; P Ͻ 0.001; Fig. 2A ; df ϭ 11,45). Termites exposed to hexaßumu-ron and lufenuron by day 21 provided an estimated proportion of D. fimbriata that was signiÞcantly lower (Ͼ90% decrease in proportion) than the day 0 estimate ( Fig. 2A ; F ϭ 7.47; df ϭ 11,45; P Ͻ 0.001).
Dinenympha gracilis. Dinenympha gracilis (62%), the most numerous protist species in R. flavipes, showed no signiÞcant difference in proportion over time in either the control (F ϭ 1.01; df ϭ 6; P ϭ 0.413) or dißubenzuron (F ϭ 1.79; P ϭ 0.151) treatments ( Fig. 2B ; df ϭ 9,38). However, proportions of D. gracilis decreased in termites exposed to lufenuron by 7 d (F ϭ 14.36; P Ͻ 0.001), hexaßumuron (F ϭ 17.27; P Ͻ 0.001) and novißumuron by 14 d (F ϭ 9.63; P Ͻ 0.001), and novaluron treatment by 21 d (F ϭ 2.83; P ϭ 0.038; a Average Ϯ SD protist species abundance per termite worker within a row followed by the same lowercase letter are not signiÞcantly different (P Ͻ 0.05; df ϭ 3,8; ANOVA). Nine replicates for a total of 45 termites sampled by time and treatment. 2B ; df ϭ 9,38). Termites exposed for 3 wk to hexaßumuron or lufenuron had a Ͼ50% decrease in proportions of D. gracilis ( Fig. 2B ; F ϭ 17.40; df ϭ 11,45; P Ͻ 0.001).
Microjoenia fallax. Termites showed an increase in proportions of M. fallax from 4% to at least 10% in the various treatments by day 21 (Fig. 2C) . By 7 d, termites exposed to lufenuron provided an increase to 22% followed by a steep decline by day 14 ( Fig. 2C ; F ϭ 14.34; df ϭ 9,38; P Ͻ 0.001). Dißubenzuron (F ϭ 4.91; P ϭ 0.003), hexaßumuron (F ϭ 4.53; P ϭ 0.004), and novißumuron (F ϭ 10.70; P Ͻ 0.001) treatments also showed an increase in estimated proportion of M. fallax by 14 d (Fig. 2C; df ϭ 9,38) . The untreated control (F ϭ 4.10; P ϭ 0.006) and novaluron (F ϭ 4.39; P ϭ 0.005) provided an increase in proportion of M. fallax at 21 d with 10 and 16%, respectively ( Fig. 2C ; df ϭ 9,38).
We found termites exposed to lufenuron had the greatest proportion of M. fallax by 7 d (F ϭ 6.03; P Ͻ 0.001) compared with the other treatments ( Fig. 2C ; df ϭ 11,45). However, by 14 (F ϭ 4.86; P ϭ 0.001) and 21 d (F ϭ 5.86; P Ͻ 0.001), the novißumuron treatments had a greater proportion of M. fallax than termites from the control and lufenuron treatments ( Fig.  2C; df ϭ 11,45) .
Pyrsonympha vertens. Proportions of P. vertens were highly variable over time in all treatments and only differed in the lufenuron treatment at 21 d (a 75% decrease in proportion) ( Fig. 2D ; F ϭ 4.15; df ϭ 9,38; P ϭ 0.007). Estimates of P. vertens differed between treatments at 21 d, with a greater proportion from termites exposed to novißumuron (9%) and hexaßu-muron (10%) compared with lufenuron (2%) ( Fig.  2D ; F ϭ 3.21; df ϭ 11,45; P ϭ 0.015).
Trichonympha agilis. There was no difference in the proportion of T. agilis in the control (F ϭ 1.67; P ϭ 0.171), dißubenzuron (F ϭ 0.57; P ϭ 0.687), novaluron (F ϭ 0.83; P ϭ 0.517), and novißumuron (F ϭ 0.73; P ϭ 0.574) treatments ( Fig. 2E; df ϭ 9,38) . In contrast, estimated proportions from termites exposed to hexaßumuron increased signiÞcantly from time 0 to day 21 (6 Ð12%) ( Fig. 2E ; F ϭ 4.19; df ϭ 9,38; P ϭ 0.007). Estimates of T. agilis ßuctuated over time in termites exposed to lufenuron with a signiÞcantly higher proportion on 7 d (11%), compared with 21 d (0 detected; Fig. 2E ; F ϭ 6.38; df ϭ 9,38; P Ͻ 0.001). T. agilis proportions in the hexaßumuron (12%) and controls (8%) were signiÞcantly greater at 21 d than that of lufenuron ( Fig. 2E ; F ϭ 5.08; df ϭ 11,45; P Ͻ 0.001).
Discussion
Termites from population 1 were maintained under laboratory conditions for 8 wk before inclusion in bioassay compared with only 4 and 5 wk for population 2 and population 3, respectively (Table 1) . Differences in the initial species proportions show the natural variation found in the Reticulitermes hindgut protist community (Table 2 ) (Mannesmann 1972 , Cook and Gold 1998 , Lewis and Forschler 2004b . Differences in species composition at the start of our experiments were probably caused by the length of time population 1 spent in culture compared with the other termite populations (Lewis and Forschler 2004b) . The absence of two termite protist species, Trichomitus trypanoides and Pyrsonympha major, have been noted by other researchers (Kirby 1937 , Honigberg 1970 and could be explained by nutritional differences (Smythe 1972) or initial absence in the founding reproductive pair (Cleveland 1925b) . Grosovsky and Margulis (1982) showed that these two protists species were not obligate symbionts in R. flavipes and therefore might be an unimportant indicator of termite health. Another explanation for their absence might be that these protists are present in small numbers and were not necessarily absent.
Total protist population estimates and proportions were within the range of estimates previously reported from R. flavipes workers (Lewis and Forschler 2004b) (Table 1) . Compared with previous estimates, population 1 had a greater proportion of T. agilis (8 versus 4%), and population 2 had a lower proportion of S. kofoidi (0.4 versus 2%) (Lewis and Forschler 2004b) . Variation in protist population estimates could be because subterranean termites removed from their natural habitat are exposed to increased oxygen and decreased carbon dioxide levels (Lovelock et al. 1985, Curtis and Waller 1997) . Termites in laboratory culture, over time, decrease in vigor (Arquette and Forschler 2006) , and this could contribute to differences in protist population estimates and their relative proportions. It is also possible differences in initial protist population estimates were because of how the termites were collected from their original food resource. Termites become stressed by vibration (Grosovsky and Margulis 1982, Schwinghammer and Houseman 2006) , and in previous studies, Lewis and Forschler (2004b) manually extracted termites from logs the day of bioassay. In this study, we allowed termites to come out of logs at their own pace as described in Forschler and Townsend (1996) , and a decrease in handling could explain why termite population 2 and population 3 had protist populations on the higher end of what has been previously reported.
Termites showed a signiÞcant decrease in protist population estimates in all treatments over time (Fig.  1) . Our Þndings were in contrast with those reported by Perrott (2003) , who found no difference in total protist population estimates after exposure to hexaßu-muron. Differences between Perrott (2003) and this study could be attributed to the counting techniques used. Perrott (2003) used a saline solution (0.6 M NaCl) that provided low protist population estimates in a previous comparative study ( Lewis and Forschler 2004a) . Low initial numbers may make it more difÞcult to detect statistically signiÞcant changes in overall numbers in a dynamic system like the Reticulitermes protist community.
Termites exposed to any of the Þve CSIs we tested had at least a 30% decrease in protist population estimates after 3 d (Fig. 1) . D. gracilis accounted for Ϸ50% or more of the total protist community in R. flavipes, and therefore, a signiÞcant decrease in this species would impact overall numbers disproportionately (Fig. 2B) . Our results show a signiÞcant impact on termites exposed to lufenuron (Fig. 2AÐE) , although protist communities were reduced in all the CSI treatments we examined. The meaning of the reduction in number and proportion of protists may lead to further study of the role each species plays in the health and vigor of subterranean termites. Our results suggest there are health and vigor impacts on termites after CSI exposure in addition to molting inhibition. Whether this is caused by a change in permeability of the gut lining or other microbial associations is not known but should be further studied. Research in this Þeld could beneÞt from physiological characterization of the peritrophic matrix and how chitin production impacts digestive homeostasis.
